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1. Introduction  
Oxide semiconductor gas sensors are based on their change in resistance upon exposure to 
oxidizing or reducing gases. While gas sensors made of conventional particles and thin films 
of oxide semiconductors have been studied for these several tens of years, gas sensors made 
of nanowires have been studied for these ten years because they have possibility of 
indicating excellent gas sensing properties, owing to the discriminating structure of the 
nanowires. The high surface-to-volume ratio of the nanowires is expected to provide high 
sensitivity. The one dimensionally long shape of the nanowires may lead to favourable 
sensing properties. There are two types of nanowire sensor. One is made of nanowires 
dispersed on a substrate equipped with a pair of electrodes while the other is made of a 
single nanowire. In our study, the former type was investigated. 
We have first developed three types of evaporation method for forming oxide nanowires 
and then investigated their structure. The first one is a conventional vapour transport 
method. The second one is simple evaporation in ambient atmosphere. The last one is a 
method using a conventional vacuum evaporator with its chamber filled with prescribed 
pressure of oxidizing gas such as ambient air; we call this method a modified gas 
evaporation method.  
To clarify the feature of nanowire sensors, we have investigated the properties of the gas 
sensors made of nanowires. The effect of Pd doping was examined in the sensors made of 
SnO2 nanowires formed by the vapour transport method, and their performance was 
compared with sputtered film sensor. It is of great interest to investigate the effect of the 
thickness and length of the nanowires. The effect of the thickness was investigated for WO3 
nanowires formed by the vapour transport method and SnO2 nanowires formed by the 
modified gas evaporation method, while the effect of the length was investigated for the 
SnO2 nanowires formed by the modified gas evaporation method in comparison with the 
gap lengths of electrodes. Gas sensors made of Ga2O3 and TeO2 nanowires, which have been 
rarely studied, were also investigated for exploring new nanowire sensor materials. In this 
article, the methods for forming nanowires are first explained, and then the structure of the 
nanowires and gas sensing properties are introduced.  
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2. Methods for forming nanowires 
2.1 Vapor transport method 
In the conventional vapor transport method, which is shown in Fig. 1(a), an alumina boat 
loaded with a raw material was placed in a quartz tube inserted into a horizontal electric 
furnace, and Ar gas was introduced through the quartz tube. Although oxygen gas was not 
introduced, oxide nanowires were obtained probably because of unintentional introduction 
of a minute amount of oxygen gas. This method was used for the formation of SnO2 (Shen et 
al.,2009), WO3, and Ga2O3 (Liu et al., 2008) nanowires, where the position of the substrate, 
the flow rate and pressure of Ar, and the furnace temperature was adjusted, depending on 
the materials.  
 
 
Fig. 1. Formation of oxide semiconductor nanowires. (a) Vapor transport method. 
(b) Evaporation in ambient air. (c) Modified gas evaporation with a conventional vacuum 
evaporator.  
2.2 Evaporation in ambient air 
This method, in which nanowires are formed in an ambient air, is very simple and was 
applied to the formation of TeO2 nanowires (Liu et al., 2007; Liu et al., 2008). As shown in 
Fig.1(b), a desirable amount of tellurium grains at a high purity of 99.999% was placed in an 
alumina crucible 30mm in height and 20mm in diameter. A piece of oxidized Si substrate 
was placed about 2mm above the tellurium grains to collect the products. The crucible was 
covered and heated in a box type furnace at a temperature of 300–500°C for 2 hours. A layer 
of white product was obtained on the under surface of the substrate. 
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2.3 Modified gas evaporation 
A method, shown in Fig. 1(c), uses a conventional vacuum evaporator. This method, 
which we call modified gas evaporation method, was applied to the formation of  
SnO2 nanowires. The gas evaporation method has been usually used for the formation of 
metal nanoparticles, which is attained by evaporating metals in vacuum chamber filled 
with a low pressure (10–1000 Pa) of an inert gas such as helium or argon (Kimoto et al., 
1963). It can also be applied to the formation of oxide nanoparticles (Kaito et al., 1977). In 
the method used here, Sn grains, SnO powder, or SnO2 powder as a raw material was 
placed at the bottom of an alumina crucible, and the crucible was covered with an 
oxidized Si substrate. The crucible was then heated at a high temperature under a low 
pressure of ambient air. In this configuration, discriminating structures such as nanowires 
were formed because the substrates on the crucible were also heated at a high 
temperature. 
3. Structure and gas sensing properties of nanowire sensors 
3.1 SnO2 nanowires formed by vapor transport  
SnO2 is the gas sensing material that has been most extensively studied (Windischmann & 
Mark, 1979; Heiland, 1982; Tamaki et al., 1989). SnO2 nanowires have also recently been 
studied vigorously as a gas sensing material (Ramirez et al., 2007; Kumar et al., 2009). In 
addition to undoped SnO2 nanowires, we investigated Pd-doped and Pt-doped nanowires, 
for noble metal doping such as Pd or Pt often improves sensitivity by activating the surface 
reaction of the gas sensing materials (Yamazoe et al., 1983; Tsang et al., 2001). Because the 
effect of Pd doping and that of Pt-doping on sensor response were similar to each other, we 
introduce here only the undoped and Pd-doped nanowire sensors, leaving out Pt-doped 
nanowire sensors (Shen et al., 2009). 
In order to obtain Pd-doped nanowires, 40 μl of ethanol solution of PdCl2 at a concentration 
of 1×10-3 mol/ml or 2.5×10-3 mol/ml were dropped on nanowires dispersed on an oxidized 
Si substrate. The nanowires thus obtained were annealed at 350°C in air for half an hour. 
The concentration of Pd was estimated to be 0.8 and 2.0 wt%. According to the measurement 
of X-ray diffraction (XRD) patterns, the SnO2 nanowires were identified to be tetragonal 
SnO2 (JCPDS card No. 41-1445). Figure 2(a) shows a typical scanning electron microscopy 
(SEM) image of undoped SnO2 nanowires. The inset shows a high magnification image. 
SnO2 nanowires of 30–200 nm in diameter and several tens of micrometers in length are 
observed. A transmission electron microscopy (TEM) image of an undoped SnO2 nanowire 
is shown in Fig. 2(b). A high-resolution TEM (HRTEM) image of this nanowire and its 
selected area electron diffraction (SAED) pattern represented in Fig. 2(c) indicate that a 
nanowire is a single crystal. The interplanar spacing of 0.34 nm indicated in Fig. 2(c) 
corresponds to the (110) plane of a tetragonal SnO2. The growth direction of SnO2 nanowire 
is [301], which is consistent with previous reports (Chen et al., 2003; Wang et al., 2004). The 
TEM image of a 2 wt% Pd-doped SnO2 nanowire in Fig. 3(a) shows that dark spots 
distribute randomly on the surface. An HRTEM image (Fig. 3(b)) shows that they are 3–7nm 
in diameter. The microbeam diffraction pattern measured for a spot shown in the inset of 
Fig. 3(b) indicates that the dark spots are PdO particles. According to EDX analysis (Fig. 
3(c)), SnO2 nanowires are surely doped with Pd. No Cl-related signal was observed in the 
spectrum.  
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Fig. 2. SEM (a), TEM (b), and HRTEM (c) observation of undoped nanowires.  
 
 
Fig. 3. TEM (a), HRTEM (b), and EDX (c) observation of Pd-doped nanowires. 
Sensor devices, illustrated in Fig. 4, were fabricated by dropping nanowire-suspended 
ethanol on an oxidized Si substrates equipped with a pair of interdigitated Pt electrodes. 
The gap length of the electrodes was 120 μm. The weight of SnO2 nanowires dispersed on 
a sensing element with sizes of 7 mm × 10 mm was 500 μg. The gas sensing properties 
were measured for the sensors placed in a quartz tube inserted into a tubular electric 
furnace. Dry synthetic air, mixed with a desired concentration of H2, flowed at a rate of 
200 ml/min. 
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The changes in the resistance of the sensors made of undoped, 0.8 wt%Pd-doped, and 2 
wt%Pd-doped SnO2 nanowires upon exposure to H2 at 150°C are shown in Figs. 5(a). The 
resistance decreases upon exposure to H2. The decrease in the resistance is expanded as the 
H2 concentration increases. The resistance recovers to its initial value after H2 removal, 
indicating a good reversibility of these gas sensors. The decrease in the resistance is greatly 
enhanced by introducing Pd. In Fig. 5(b), the sensitivities defined as Ra/Rg, where Ra and 
Rg are the resistance before and after exposure to a gas (H2), respectively, are shown as 
functions of operating temperature for the three sensors described above. Pd doping 
improves the sensitivity and lowers the operating temperature at which the sensitivity is 
maximized.  
Now, we compare nanowire sensor with sputtered film sensor. Figure 6 shows the temporal 
change in the resistance upon exposure to H2 at a temperature of 100°C. The sensors 
compared are the one made of nanowires doped with 2 wt% Pd and the one made of porous 
sputtered film doped with 8 wt% Pd. The operating temperature is 100°C. The latter sensor 
was made of a Pd-doped porous sputtered film. It showed a high sensitivity to H2. Although 
the sensitivity of the Pd-doped nanowire sensor is lower than that of the porous Pd-doped 
sputtered film, the response time and recovery time of the former are shorter than those of 
the latter. The short response time and recovery time of the nanowire sensor may be related 
to the single crystalline character of the nanowires. Because a sputtered film is composed of 
columnar grains made of fine crystallites, it has narrow voids between columnar grains as 
well as grain boundaries between the crystallites. When the sputtered film sensor is exposed 
to H2, the reconstruction of surface atoms and adsorbed species spreads into the voids and 
boundaries, being accompanied by atomic diffusion through voids and boundaries. Such a 
diffusion process may delay the completion of the reconstruction process. On the other 
hand, the nanowire sensor, which is not accompanied by such a process, may show a quick 
response and recovery. 
 
 
Fig. 4. Schematic diagram of a gas sensor made of nanowires dispersed on a pair of 
interdigitated electrodes.   
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                                         (a)                                                                             (b) 
Fig. 5. (a) Changes in the resistance upon exposure to H2 measured at 150°C. (b) Sensitivity 
as a function of temperature.   
 
 
Fig. 6. Changes in the resistance of the 2 wt% Pd-doped nanowire sensor and a porous Pd-
doped sputtered film sensor upon exposure to 1000ppm H2 gas at 100°C . 
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To clarify the dependence of the response on the operating temperature, the resistances of 
the undoped and 2 wt% Pd-doped sensors are shown as a function of temperature in Fig. 7, 
where the values before and after exposure to H2 are indicated by closed and open symbols, 
respectively. We see that both the resistance and its temperature dependence are relatively 
small for the undoped sensor whereas both are large for the 2wt% Pd-doped sensor. In the 
undoped sensor, oxygen atoms adsorbed on the surface of SnO2 nanowires in air obtain 
electrons from the surface region of SnO2. Thus, a substantial region of each nanowire is 
depleted of electrons, which results in the high resistance of the sensor. With increasing 
temperature, the electrons trapped by adsorbed oxygen are thermally excited to the 
conduction band, causing a decrease in the resistance. When SnO2 nanowires are exposed to 
hydrogen, the density of adsorbed oxygen decreases because of the reaction between 
hydrogen and adsorbed oxygen, which results in a decrease in the resistance. When SnO2 
nanowires are decorated with PdO particles, electrons transfer from SnO2 to PdO as well as 
to adsorbed oxygen atoms because the work function of PdO is larger than that of SnO2 
(Jang. et al., 2006; Shimizu et al., 2007). Thus, each nanowire is depleted of electron in its 
whole region. Therefore, the resistance of the sensor is extremely high in air. When 
hydrogen is introduced, PdO is reduced to metallic palladium, returning electrons to 
SnO2. Hydrogen molecules adsorbed on palladium simultaneously spill over the surface 
of SnO2, activating the reaction between hydrogen and the adsorbed oxygen (Yamazoe et 
al., 1983; Tsang et al., 2001). These phenomena result in an effective shrinkage of the 
depletion region and lower the resistance of the Pd-doped sensor compared with that of 
the undoped sensor, leading to a higher response. Because the effect of Pd is active at a 
relatively low temperature, the sensitivity of Pd-doped sensor is rather high even at room 
temperature.  
 
 
Fig. 7. Temperature dependence of the resistances measured for the undoped and 2 wt% Pd-
doped SnO2 nanowire sensors before and after introduction of H2. 
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3.2 WO3 nanowires formed by vapor transport 
WO3 has been extensively studied as a material suitable for NO2 sensing (Chung et al., 1999; 
Jin et al., 2005) since it was shown that it indicated a higher sensitivity to NO2 than to CO, 
H2, CH4, and i-C4H10 (Akiyama et al., 1991). NO2 sensors made of WO3 nanowires have also 
been studied; the sensors made of nanowires formed by using thermal evaporation (Ponzoni 
et al., 2006) and solvothermal method (Rout et al., 2006) indicated high sensitivities to NO2 
in the range of parts per billion at high temperatures above 200°C. Sensors made of WO3 
nanowires formed by using the vapor transport method have been investigated (Cao et al., 
2009). They could detect NO2 in the range of parts per billion at 180°C. Sensors made of WO3 
nanowires formed by using soft chemistry indicated high sensitivities to NO2 in the range of 
parts per billion at 150°C (Polleux et al., 2006). 
In our study, WO3 nanowires were formed by the vapor transport method using WO3 
powder as a raw material. An alumina boat loaded with WO3 powder (100 mg, 99.9% 
purity) was placed at the center of a quartz tube. A substrate on another alumina boat was 
placed 16, 17, or 17.5 cm away from the WO3 powder. After the quartz tube was evacuated 
from the end of the quartz tube at the side of substrate to a pressure of approximately 30 Pa, 
Ar gas was introduced at a flow rate of 900 ml/min into the quartz tube, which resulted in a 
pressure of 270 Pa. The temperature of the furnace or the temperature of WO3 powder was 
then increased to 1050, 1100, or 1150°C. After maintaining the furnace at these temperatures 
for 2 hours, the furnace was cooled naturally to room temperature. It should be noted that 
the substrate temperature was lower than the furnace temperature. Table 1 shows the 
temperatures of the substrates placed 16, 17, or 17.5 cm away from the WO3 powder at 
various furnace temperatures. Our attempt to deposit a product on an oxidized Si substrate 
failed. Thus, an oxidized Si substrate coated with Au film 5 nm thick was used to deposit the 
product. 
SEM images of the products are shown in Fig. 8. The morphology of the products depends 
on the furnace temperature and substrate position. We refer to all of the products as 
nanowires for convenience, although the products deposited at 1050°C are better described 
as nanostrips. It was difficult to peel the nanowires deposited at 1050°C from the substrate. 
The nanowires formed at 1100 and 1150°C were in a powdered form, i.e., they were easily 
peeled from the substrates. The diameter of the nanowires decreased as the distance of the 
substrate from the WO3 powder as a raw material increased. Thin nanowires were formed at 
a furnace temperature of 1100°C. In this condition, the thinnest nanowires with a diameter 
of 50 nm were formed 17.5 cm away from the WO3 powder. According to XRD, all products 
were hexagonal WO3 listed in JCPDS card No. 85-2460. Note that this structure is different 
from those reported for the nanowires formed using the vapor transport method by other 
research groups. WO3 nanowires with a monoclinic structure (Cao et al., 2009) and W18O49 
nanowires with a monoclinic structure (Hong et al., 2006) have been reported. The 
hexagonal structure that we obtained agrees with that of the nanowires formed by a 
solvothermal method (Choi et al., 2005). According to TEM observation, a nanowire was a 
single crystal and its growth direction was [001]. 
Sensors were fabricated by poring a few drops of nanowire-suspended ethanol onto 
oxidized Si substrates equipped with a pair of Pt interdigitated electrodes with a gap length 
of 35 μm and an element area of 9 × 10 mm2. The weight of the dispersed nanowires was 200 
μg. The measurement of the sensing properties was performed in the same manner as that 
for the SnO2 nanowire sensors.  
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Furnace temperature 
(°C) 
Substrate temperature (°C) 
Position of 16 cm Position of 17 cm Position of 17.5 cm 
1050 490 300 230 
1100 520 330 250 
1150 550 350 270 
Table 1. Substrate temperature at different positions for different furnace temperatures. 
 
 
Fig. 8. SEM images of the products deposited at different positions and different furnace 
temperatures.   
The temporal responses to NO2 at 3 ppm measured for a sensor made of nanowires as thin 
as 50 nm, deposited on a substrate 17.5 cm away from the WO3 powder at a furnace 
temperature of 1100°C, are represented in Fig. 9(a). The results are shown for the operating 
temperatures of 50, 150, and 250°C. The resistance decreases as the temperature increases. 
When the sensor is exposed to NO2, the resistance quickly increases. After the removal of 
NO2, the resistance recovers to the initial value in approximately 10 min at a high 
temperature of 250°C. However, it recovers more slowly at a lower temperature. Figure 9(b) 
shows the temperature dependence of the sensitivity defined as (Rg-Ra)/Ra. The results for 
the sensors made of the nanowires deposited at different positions at 1100°C (upper figure) 
and those for the sensors made of the nanowires deposited on a substrate at 17.5 cm at 
different temperatures(lower figure) are represented. All sensors, made of nanowires with 
different diameters, have a peak operating temperature at which their sensitivities are 
maximized. While NO2 sensing due to electron transfer from oxide to adsorbed NO2, which 
forms NO2
－ (Ruhland et al., 1998), is thermally activated with increasing temperature, the 
decrease in sensitivity at temperatures above the peak temperature suggests the change in 
surface reaction. Recent spectroscopic studies (Sergent et al., 2007; Lebranc et al., 2000) 
demonstrated that at higher temperatures adsorbed species for NO2 gas is NO3- rather than 
NO2-, which suggests that NO2 gas does not react directly with oxide but react with a high 
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density of adsorbed O－, forming NO3
－ (Francioso et al., 2006) and not contributing to 
increase in the resistance. The peak temperature decreases as the diameter of the nanowires 
decreases. The highest sensitivity obtained in this study was 37, which was observed at 
100°C for the thinnest nanowires with a diameter of 50 nm. 
The sensitivities at 100°C are summarized as a function of the average diameter of the 
nanowires in Fig. 10. The relationship between the sensitivity and diameter is expressed by 
a unique curve, indicating that the sensitivity increases with decreasing diameter. 
 
 
                                                    (a)                                                                (b) 
Fig. 9. (a) Change in resistance of WO3 nanowire sensor upon exposure to NO2 at 3 ppm at 
different operating temperatures. (b) Operating temperature dependence of sensitivity to 
NO2 measured for the nanowires wih different diameters. 
 
 
Fig. 10. Sensitivity at 100°C as a function of the diameter of nanowires. The sensitivities of 
the sensors made of nanowires deposited at different furnace temperatures are plotted. 
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3.3 Ga2O3 nanowires formed by vapor transport 
Ga2O3 thin films have been studied as a gas sensor operating at a high temperature because 
of their stability at a high temperature. For example, they have been studied as oxygen 
sensors operating at 600–1000°C (Babana et al, 2005; Schwebel et al., 2000). They have also 
been studied as sensors for detecting reducing gases such as H2, CO, CH4 (Fleisher et al., 
1992; Schwebel et al., 1998). Ga2O3 nanowires have also been studied as gas sensing 
materials (Liu et al., 2008; Mazeina et al., 2010). 
In our study, a gallium grain (99.999%, 0.5 g) was placed on an alumina substrate in an 
alumina boat (Liu et al., 2008). The grain was then heated in a tube furnace at 900°C for 1 hour 
in an Ar flow of 100 ml/min at ambient pressure. After cooling to room temperature, a layer of 
white product was obtained on the alumina substrate around the gallium grain. 
An SEM image in Fig. 11(a) shows that the obtained nanowires are about 50–150 nm in 
diameter and tens of micrometers in length. The XRD pattern in Fig. 11(b) agrees with the 
pattern of monoclinic β-Ga2O3 (JCPDS card No. 43-1012). A TEM image of the nanowires 
with a diffraction pattern, shown in Fig. 11(c), confirms the formation of single-crystal 
monoclinic Ga2O3. In our study, the Ga2O3 nanowires were formed in an Ar flow, which 
provided a lean oxygen environment. Therefore, the Ga2O3 nanowires obtained contain a 
high concentration of oxygen vacancies. This is confirmed by photoluminescence (PL). As 
shown in Fig. 11(d), the PL spectrum of the nanowires shows a broad strong PL peak at 
about 440 nm. According to literature (Binet & Gourier, 1998), the broad blue luminescence 
at 400–500 nm is ascribed to the electron transition mediated by oxygen vacancies in the 
band gap. These oxygen vacancies contribute to the n-type electrical conduction of the 
Ga2O3 nanowires. 
 
 
Fig. 11. (a) SEM image, (b) XRD pattern, (c) TEM image with diffraction pattern, and (d) 
photoluminescence spectrum of Ga2O3 nanowires.  
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Gas sensors were fabricated by dispersing nanowires on an oxidized Si substrate equipped 
with Pt electrodes with a gap length of 40 μm. Their gas sensing property was evaluated for 
O2 in nitrogen and CO in dry synthetic air. The sensors showed obvious responses to O2 and 
CO at temperatures much lower than that reported for Ga2O3 film sensors. Reversible 
changes in resistance upon introduction and removal of O2 at 300°C is shown in Fig.12.  
Figure 13 shows the sensitivity, defined by (Rg-Ra)/Ra for O2 at 1% and (Ra-Rg)/Rg for CO 
at 200 ppm, measured at 100–500°C. It shows that the temperature dependence indicates a 
peak for both O2 and CO. The highest sensitivity to 1% O2 is 4.8 at 300°C, while the value to 
CO is 4.0 at 200°C. It is important to note that the operating temperature of our Ga2O3 
nanowire sensor is much lower than 600–1000°C reported for Ga2O3 film sensors. This fact 
expands the application of Ga2O3 sensors to low operating temperatures.  
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Fig. 12. Temporal changen in the resistance of a Ga2O3 nanowire sensor upon exposure to O2 
at 300°C. 
 
 
Fig. 13. Temperature dependence of the sensitivity of the Ga2O3 nanowire sensor to O2 and 
CO gases. 
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3.4 TeO2 nanowires formed by evaporation in ambient air 
There have been no reports on the formation of TeO2 nanowires. Figure 14 shows the 
typical SEM image of the nanowires that we formed by thermal evaporation of Te grains 
in ambient air (Liu et al., 2007; Liu et al., 2008). The nanowires are several tens of 
micrometers in length and 30–200 nm in diameter. According to XRD, the nanowires 
obtained were a tetragonal TeO2 (JCPDS No. 11-0693). Figure 15(a) shows a typical TEM 
image of the TeO2 nanowires. The HRTEM image and diffraction pattern in Figs. 15(b) 
and 15(c) show that a nanowire is a single crystal. The lattice spacings 0.47 and 0.29 nm 
observed in the HRTEM image correspond to those of (010) and (102) planes of a 
tetragonal TeO2, respectively.  
It was found that heating temperature and time were two crucial parameters in the 
determination of the morphology of the products. According to XRD, all products obtained 
were tetragonal TeO2. Micro-sized wires were obtained at a temperature higher than 450°C, 
while only a small amount of particles were obtained at 300°C. The heating temperature of 
400°C was optimal for the growth of TeO2 nanowires. However, it is noticeable that a thin 
layer of TeO2 particles was formed before the growth of TeO2 wires in all cases. These 
particles may have played an important role in the growth of TeO2 nanowires. 
Gas sensors were fabricated using electrodes with a gap length of 40 μm. Test gases were 
added to a dry synthetic air with a total gas flow rate fixed at 200 ml/min. The temperature 
of the sensors was kept at room temperature (26°C). Figures 16(a)–16(c) show the change in 
the resistance upon introduction and exhaust of NO2, NH3, and H2S at different 
concentrations. The resistance decreases quickly upon introduction of NO2. The change in 
resistance can reach 90% of its final change about 2 min after the introduction of NO2. The 
response to NH3 is relatively slow. The resistance increases even 10 min after exposure to 
NH3. It does not return to the initial value even 30 min after exhaust of NH3, implying a 
slow surface reaction on the TeO2 surface. The resistance changes reversibly upon 
introduction and exhaust of H2S. However, the change in the resistance upon exposure to 
H2S is much reduced at a concentration lower than 50 ppm, and the sensitivity is negligible 
at a concentration of 10 ppm. Note that the resistance increases upon exposure to oxidizing 
NO2 while it decreases upon exposure to reducing NH3 and H2S. This implies that the TeO2 
nanowires are a p-type semiconductor. 
 
 
Fig. 14. SEM image of TeO2 nanowire. 
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Fig. 15. TEM image of TeO2 nanowires (a), HRTEM image of a TeO2 nanowire (b), and its 
diffraction pattern (c). 
 
 
Fig. 16. Change in resistance upon exposure to NO2 (a), NH3 (b), and H2S (c) at different 
concentrations. 
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The observation of n-type conduction of TeO2 at high temperatures above 400°C or low 
oxygen partial pressure was reported, and it was explained in terms of oxygen vacancies 
(Jain & Nowick, 1981). However, p-type TeO2 has also been reported. That is, p-type 
character has been observed for a single crystal (Hartmann & Kovacs, 1982), thin film (Jain 
& Garg, 1979), and polycrystal (Doi et al., 1975) by the measurement of Seebeck coefficient 
or photoconductivity at normal condition. The p-type conduction was ascribed to 
interstitial oxygen atoms (Doi et al., 1975), which trap electrons, generating holes as 
majority carriers. 
3.5 SnO2 nanowires formed by modified gas evaporation 
A crucible containing Sn grains, SnO powder, or SnO2 powder, each with a purity higher 
than 99.99%, were heated at 900°C for 90 min under a low pressure of ambient air. The 
pressures of the air during deposition were 140, 86, and 86 Pa for Sn grains, SnO powder, 
and SnO2 powder, respectively. 
SEM images in Fig. 17 show that the morphology of the product depends on the raw 
materials. Microwires (MWs), formed using Sn grains, are about 2 μm in diameter and 20 
μm in length. They have rough surface and rectangular cross-section. Nanowires (NWs), 
formed using SnO powder, are 20 μm in average length and have smooth surface. Their 
circular cross-sections are 50-100nm in diameter. The rice-shaped nanoparticles (NPs), 
formed using SnO2 powder, are about 100 nm in average diameter. XRD patterns showed 
that all of these materials were SnO2 with a rutile structure (JCPDS card No.41-1445). 
The changes in the resistances of the sensors made of SnO2 microwires, nanowires, and 
nanoparticles upon exposure to 2ppm NO2 at 200°C are shown in Fig. 18(a). The resistances 
increase upon exposure to NO2 and recover to their initial values after exhaust of NO2, 
indicating a good reversibility. The temperature dependencies of the sensitivities Rg/Ra of 
these sensors are shown in Fig. 18(b). The sensitivity of nanoparticle sensor is relatively low. 
The highest sensitivity 5.5 of this sensor was observed at 200°C. The sensitivity of the 
microwire sensor is slightly higher than that of nanoparticle sensor despite the smaller surface-
to-volume ratio of microwires than nanoparticles. The sensitivity of the nanowire sensor is 
much higher than that of the microwire sensor. The peak temperatures of the sensitivity 
observed for the microwire and nanowire sensors, namely 100 and 150°C, are lower than 
200°C observed for the nanoparticle sensor. The change in the diameter of nanostructure leads 
to a change in both the sensitivity and peak temperature (Korotcenkov, 2002). The highest 
sensitivity obtained was 88 at 150°C measured for the nanowire sensor. Thus, we can believe 
that a sensor made of thin nanowires is suitable for monitoring a low concentration of NO2. 
 
 
Fig. 17. SEM images of microwires, nanowires, and rice-shaped nanoparticles. 
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The response and recovery times, defined as the time necessary for the change in resistance 
upon exposure and exhaust of NO2 to reach 90% of the whole change, are shown as functions 
of temperature in Fig. 19. The response and recovery times of microwires and nanowires are 
shorter than those of nanoparticles. The behavior of the sensitivity as well as response and 
recovery time shown in Figs. 18 and 19 suggests that the surface reaction depends on 
temperature. The electron transfer from SnO2 to adsorbed NO2, which forms NO2
－, occurs at 
relatively low temperatures of 100 and 150°C in microwires and naowires, respectively. This 
results in the high sensitivities of the microwire sensor and nanowier sensor at these 
temperatures. At higher temperatures the sensitivity is lowered similarly to WO3 sensors. 
 
 
                                          (a)                                                                               (b) 
Fig. 18. (a) Change in the resistances of the sensors made of microwires, nanowires, and rice-
shaped nanoparticles upon exposure to 2 ppm NO2 at 200°C. (b) Sensitivities of the sensors 
to 2ppm NO2 as functions of temperature. 
 
 
Fig. 19. Recovery and response time of SnO2 nanowire sensors exposed to 2 ppm NO2 at a 
function of temperatures. 
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Now, we consider the effect of grain size, namely the effect of the diameter of particles or 
the length of wires. Spherical or wire grains arrayed linearly in the gap between a pair of 
electrodes are illustrated in Fig. 20, where the grains are assumed to be depleted of electrons 
only at the surface region of the thickness of LD. The number of grains in the gap is much 
smaller in the microwire and nanowire sensors than in the nanoparticle sensor. Therefore, in 
the microwire and nanowire sensors, the contribution to the sensor resistance of the bulk 
and the interface between metal electrode and oxide is large while the contribution of grain 
boundaries is small. As shown in Fig. 20, if the diameter of the grains is small, the highly 
conductive bulk region is narrow. Thus, the conductance of the bulk region is more affected 
by its own shrinkage upon exposure to NO2, leading to nanowires more sensitive to NO2 
than microwires. Although the surface-to-volume ratio of microwires is smaller than that of 
nanoparticles, the sensitivity of the microwire sensor is larger than that of the nanoparticle 
sensor. In the sensor of microwires or nanowires, the influence of the resistance of metal-
oxide interface on the sensitivity may be larger than that of the resistance of grain 
boundaries. This seems to lead to the higher sensitivities observed for microwires and 
nanowires.  
 
 
Fig. 20. Model for the distributions of SnO2 grains. The length and diameter of SnO2 grains 
affect the density of grain boundaries and potential distribution. 
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3.6 Effect of gap length for SnO2 nanowires 
If the interface between the metal electrode and oxide is intrinsically important in the 
determination of the sensitivity of nanowire sensors, as described in the previous section, 
the sensitivity must be affected by the gap length of a pair of electrodes. Thus, the influence 
of the gap length was investigated using nanowires formed by heating an Sn grain in a 
crucible at 800°C at a pressure of 40 Pa of ambient air. The fabrication of a pair electrode, 
made of an Au sputtered film, is illustrated in Fig. 21. Au-film strip with a width of 2 mm, 
equipped with a gap formed using field ion beam technology (FIB), is shown at the bottom. 
Four sensors thus fabricated had a gap length of 1, 5, 10, and 30 μm, respectively.      
An SEM image represented in Fig. 22(a) shows that the nanowires obtained are straight with 
rather uniform length (~5 μm) and diameter (~100 nm). An example of the SEM image of a 
gap formed by FIB is shown in Fig. 22(b).   
 
 
Fig. 21. Fabrication of a pair of gold electrodes. After an Au-film pattern was formed using a 
steel mask, a short gap was formed using FIB. 
 
 
Fig. 22. (a) SEM images of SnO2 nanowires. (b) A micro-gap with a length of 1μm formed by 
using the method illustrated in Fig. 21. 
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The change in resistance upon exposure to NO2 at different concentrations was measured 
for the four sensors with various gap lengths. The results at 250°C are shown in Fig. 23. The 
resistance increases upon exposure to NO2 and decreases upon exhaust of NO2. The 
response and recovery speeds increase with decreasing gap length. We notice that the 
resistance of the sensors with longer gaps does not return to the initial value precisely and 
that the signal of these sensors is noisy for a higher concentration of NO2. 
Figure 24 shows the sensitivity, Rg/Ra, to NO2 at 2 ppm as a function of the gap length. The 
results at various operating temperatures are shown. The sensitivity of the sensor with a gap 
length of 1 μm, which is shorter than the length of the nanowires, is highest at every 
temperature. Temperature dependencies of the sensitivity are shown in the inset of this figure. 
Similarly to the sensors made of WO3 nanowires, the temperature dependence shows a peak. 
As the temperature increases, the sensitivities of all sensors increase drastically at a 
temperature up to 100°C and then decrease at a temperature above 100°C. Thus, the sensitivity 
at 100°C measured for the sensor with the shortest gap length of 1 μm is as high as 600.  
Although the role of the metal-oxide interface is still not clear, it may be due to some kind of 
chemical sensitization. The so called chemical sensitization in oxide semiconductor gas 
sensor is mediated by a "spillover effect", and it was experimentally studied for hydrogen 
and oxygen (Yamazoe et al., 1983; Boudart & Mol, 1999; Bowker et al., 2000; Kolmakov et al., 
2005). It is probable that an Au electrode can also act as a catalyst mediating some chemical 
sensitization. References (Tamaki et al., 2005; Tamaki et al., 2008) discussing NO2 sensors 
made of WO3 nanoparticles equipped with Au nano-gap electrodes suggested that NO2 gas 
might be adsorbed in a high density at the interface due to catalytic effect of Au. It was also 
suggested that the adsorption of NO2 on an Au electrode might increase its work function. 
These reactions cause a higher Schottky barrier upon exposure of the sensor to NO2 gas, 
leading to a higher resistance or the higher sensitivity, as observed in the sensitivity of the 
sensor with a short gap length of 1μm. 
 
 
Fig. 23. Change in the resistances of SnO2 sensors with different gap lengths upon exposure 
to different concentrations of NO2 gas at 250°C. 
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Fig. 24. Sensitivity to NO2 at 2 ppm as a function of the gap length. The results at various 
temperatures are shown. The inset shows the same data but versus the operating 
temperature. 
4. Conclusions 
These ten years, various kinds of oxide semiconductor nanowires have been studied as gas 
sensing materials because of their large surface-to-volume ratio leading to a high sensitivity 
and also because of their discriminating morphology which may lead to unexpectedly 
excellent properties. We attempted to develop various types of thermal evaporation method 
for making various kinds of oxide nanowires and also attempted to clarify the feature of the 
gas sensing properties of nanowire sensors. Conventional vapour transport method was 
used for the formation of SnO2, WO3, and Ga2O3 nanowires. A very simple thermal 
evaporation in ambient air was used for forming TeO2 nanowires. A modified gas 
evaporation method using vacuum evaporator, which rather easily provides a high raw 
material temperature and well-controlled atmosphere, was used for forming SnO2 
nanowires. In these methods, thin nanowires could be formed by adjusting both the 
atmosphere and heating temperature of raw materials. 
A sensor made of SnO2 nanowires formed by a vapour transport method showed a high 
sensitivity at a low temperature when doped with Pd, similarly to conventional SnO2 
sensors. It was found that a nanowire sensor indicated quicker response and recovery to H2 
than sputtered-film sensor, although the sensitivity was lower than sputtered film. Sensors 
made of SnO2 nanowires and microwires formed by modified gas evaporation were 
superior to a sensor made of nanoparticles in sensitivity to NO2, despite the smaller surface-
to-volume ratio than nanparticles in the case of microwires. These sensors were also 
superior to the nanoparticle sensor in response and recovery speed to NO2. In addition, a 
sensor with a gap length shorter than the length of nanowires was confirmed to be superior 
to sensors with longer gap length in sensitivity as well as response and recovery speed, 
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indicating the importance of the interface between the electrode and nanowires. As for WO3 
nanowire sensors, the sensitivity to NO2 was confirmed to increase as the diameter of the 
nanowires decreased.  
Ga2O3 nanowire sensor showed a sufficient sensitivity and reversible behaviour at relatively 
low temperature of 100-300°C. TeO2 nanowires were first formed and evaluated as a gas 
sensing material. The sensor indicated p-type semiconductor character of TeO2 nanowires, 
showing increase and decrease in resistance upon exposure to reducing gases (NH3 and H2S) 
and oxidizing gas (NO2), respectively.      
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